Membrane vesicles derived from the strictly fermentative lactic acid bacterium Streptococcus cremoris have been fused with proteoliposomes containing the beef heart mitochondrial cytochrome c oxidase by means ofa freeze/thawsonication technique. Evidence that fusion has taken place was obtained by freeze-etch electron microscopy, showing a lessdense intramembranous particle distribution in the 'fused membranes than in the bacterial membranes, and by sucrose gradient centrifugation, indicating a buoyant density of the majority of the membranes after fusion that was between the buoyant densities of the starting membrane preparations. In the fused membranes, 55-60% of the cytochrome c oxidase molecules are oriented with the cytochrome c binding site at the outer surface of the membrane. With the electron-donor system ascorbate/N,N,N' ,N' -tetramethyl-p-phenylenediamine/ cytochrome c, a high proton-motive force (>130 mV), inside negative and alkaline, can be generated in the fused membrane, and this proton-motive force can drive secondary transport of several amino acids. The procedure described can be used for incorporating a proton-motive force-generating system in isolated membrane vesicles from bacterial or eukaryotic origin that lack a suitable primary proton pump.
Studies of the role of the proton-motive force (Ap) on membrane-bound proteins are often hampered by the lack of good model systems. Ideally the protein(s) under study should be functionally incorporated together with a Apgenerating system in membranes that form closed structures and can maintain a Ap for some length of time. If the protein is isolated and purified, it can be incorporated together with a Ap-generating system into proteoliposomes. This advanced stage has been reached for the lactose permease (protein M) of Escherichia coli, which has been coreconstituted in liposomes with cytochrome o oxidase (1) and for the alanine carmer of the thermophilic bacterium PS3 which has been coreconstituted with beef heart mitochondrial cytochrome c oxidase (2) .
Most membrane proteins, which depend on the Ap for activity, have not been isolated, and the'activity of these proteins can only be studied in their natural membranes. Prbcedures have been developed for the isolation of membrane vesicles with defined polarity. These membrane vesicles are excellent model systems for studies of energytransducing processes, if a Ap of the desired magnitude and polarity can be generated. This is, for instance, the situation in membrane vesicles from bacteria that contain protontranslocating electron-transfer systems. In the presence of a suitable electron donor and acceptor, a Ap can be generated across the membrane that forms the driving force for many bacterial solute transport systems (3 Incorporation of Cytochrome c Oxidase in Liposomes. Cytochrome c oxidase was isolated from beef heart as described by Yu et al. (6) . The heme content was determined spectrophotometrically using an absorption coefficient of 13.5 mM-1 cm-1 for reduced minus oxidized heme at the wavelength couple 605 -630 nm (7). The heme content was found to be 10. 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" Sucrose Gradient Centrifugation. Discontinuous sucrose gradients were formed in Beckman ultracentrifugation tubes on top of a 1-ml 65% (wt/wt) sucrose cushion. The gradients were formed from the following sucrose concentrations in 10 mM Tricine (pH 8.0) containing 100 mM KCl and 1 mM EDTA: 15% (1.5 ml), 30% (1 ml), 34% (1 ml), 38% (1 ml), 42% (i ml), and 46% (1 ml). Fused membranes or a mixture of cytochrome c oxidase proteoliposomes (0.042 nmol of oxidase) and S. cremoris membrane vesicles (0.52 mg of protein) were layered on top of the gradient. The gradients were centrifuged for 19 hr at 145,000 x g in a SW 41 rotor (180C). After fractionation, protein was determined by using the Bradford procedure (13) , and liposomal phospholipid was determined by assaying N-(7-nitro-2,1,3-benzoxadiazol-4-yl)phosphatidylethanolamine (N-NBD-PtdEtn) fluorescence using an excitation and emission wavelength of 475 and 530 nm (14) . N-NBD-PtdEtn was incorporated into the cytochrome c oxidase proteoliposomes during detergent dialysis with a concentration of 0.5 mol% of total phospholipid.
Other Analytical Procedures. Uptake of [U-14C]leucine by the fused membranes was measured by filtration as described (15) . Cytochrome c oxidase activity was measured at room temperature by following the decrease in absorbance of the peak of cytochrome c and using an absorption coefficient (reduced minus oxidized) of 19.5 mM-1 cm-1 (550 -540 nm) (7) . The orientation of cytochrome c oxidase was determined as described by Casey et al. (16) . For freeze-fracture electron microscopy, concentrated suspensions of membranes in 10% glycerol were rapidly frozen in liquid Freon 12. Freezeetched replicas were prepared by the method of Moor (17) with a Balzers BA 360 freeze-etching unit (Balzers, Liechtenstein). Protein (18) and phospholipid phosphorus (19) were assayed as described.
Materials. Octyl glucoside, crude asolectine, and horse heart cytochrome c were purchased from Sigma. Asolectine was prepared from crude asolectine as described (20) . N-NBD-PtdEtn was kindly provided by J. Wilschut (Dept. of Physiological Chemistry, University of Groningen, The Netherlands).
RESULTS
Fusion of S. cremoris Membrane Vesicles with Cytochrome c Oxidase Proteoliposomes. To incorporate beef heart cytochrome c oxidase in membrane vesicles of S. cremoris, asolectine proteoliposomes containing beef heart cytochrome c oxidase were fused with S. cremoris membrane vesicles by rapid freezing followed by slow thawing and a brief sonication step.
Evidence for fusion has been supplied by freeze-etch electron microscopy ( Fig. 1) . Membrane vesicles from S. cremoris contain a high density of particles on the extracellular fracture phase (Fig. IA) , while proteoliposomes have a less-dense particle distribution (Fig. 1C) . Upon freeze/thaw-sonication treatment, the particle density became intermediate between these extremes (Fig. 1E) , indicating a dilution ofthe particles of S. cremoris in the plane of the liposomal membrane. The original asymmetrical distribution of particles in the extracellular and protoplast fracture phases of S. cremoris vesicles appeared to be lost upon fusion with cytochrome c oxidase proteoliposomes (compare Fig. 1 E and F with A and B) .
Concomitant with the dilution of intramembranous particles from the S. cremoris membrane vesicles into the less- Table 1 . The A/i generated by the addition of ascorbate/cytochrome c was significantly stimulated by the electron mediator TMPD (400 AM). Similar Ati values were obtained when high concentrations of ascorbate (up to 50 mM) without TMPD were used. Under those conditions, the turnover of the oxidase was stimulated and the ratio of reduced to oxidized cytochrome c increased (not shown), suggesting that electron transfer between ascorbate and oxidized cytochrome c is the rate-limiting stepin electron transfer to oxygen. Low concentrations of nigericin (40 nM), an ionophore that catalyzes electroneutral exchange of protons for K+, stimulated Adi generation and dissipated the ApH. On the other hand, valinomycin (4 1uM), which mediates the influx of K', caused a rapid release of accumulated Ph4P+ and induced a small but significant increase in ApH.
Ap generation was completely dependent on the presence of cytochrome c oxidase and was decreased by the cytochrome c oxidase inhibitor cyanide and by uncouplers (not shown). Generation of a Ap was only observed after brief sonication of the fused membranes. Presumably sonication decreased the ion permeability of the membrane (21) .
Proton-Motive Force-Driven Solute Transport in the Fused Membranes. Since the fused membranes contain secondary transport proteins and an effective Ap-generating system, it offers an excellent model system for studies of secondary transport processes. This has been demonstrated for the secondary transport system for leucine. The uptake of leucine was studied under conditions such that only a Ati could be generated (in the presence of nigericin). In the presence of the electron-donor system ascorbate/TMPD/ cytochrome c, leucine was rapidly accumulated by the fused membrane vesicles (Fig. 3A) , and a steady-state level of accumulation was reached in about 3 min. Under these experimental conditions, no accumulation ofleucine could be demonstrated in cytochrome c oxidase proteoliposomes or in S. cremoris membrane vesicles (Fig. 3A) . The Ap generated and the rate of leucine uptake in the fused membranes Proc. Natl. Acad. Scl'. USA 82 (1985) increased when fusion of S. cremoris membrane vesicles was performed with increasing quantities of cytochrome c oxidase proteoliposomes ( Table 2 ). The highest rate of leucine uptake was observed in the presence of ascorbate/ TMPD/cytochrome c (not shown). Uptake of leucine was almost completely blocked by cyanide (1 mM), a potent inhibitor of cytochrome c oxidase, and by the uncoupler S-13 (5-chloro-3-tert-butyl-2'-chloro-4'-nitrosalicylanilide; 10 ,M) (Fig. 3B) . Valinomycin (4 ,AM) also inhibited strongly ascorbate/TMPD/cytochrome c-driven leucine uptake. Dissipation of the ApH with a concomitant increase of the A by low concentrations of nigericin (40 nM) decreased leucine uptake only to a minor extent. These findings indicate that the steady-state level of leucine accumulation is dependent on a Ap generated by cytochrome c oxidase. DISCUSSION This paper describes a simple procedure for the functional incorporation into biological membrane vesicles of a powerful mechanism for the generation of a Ap, inside negative and alkaline. The Ap-generating system used is beef heart cytochrome c oxidase. This enzyme has almost ideal features for its use as a generator of a Ap with the right polarity in membrane vesicles: (i) it can be obtained in pure form and in relatively large quantities with simple procedures; (ii) it retains almost full activity during the isolation and the incorporation procedures; (iii) only molecules with the rightside-out orientation in the membrane vesicle will be reduced with the electron-donor system ascorbate/TMPD/ cytochrome c; and (iv) it has a high turnover rate, and the incorporation of a few molecules in the vesicular membrane is sufficient for the generation ofa high Ap. In this paper it has been shown that beef heart cytochrome c oxidase can generate a high Ap in membrane vesicles of the lactic acid bacterium S. cremoris and that this system can supply the energy for secondary transport of amino acids. The same procedure can also be used for the incorporation of other proton-generating systems such as bacteriorhodopsin (data not shown).
The results show that this incorporation procedure of cytochrome c oxidase into biological membranes offers attractive possibilities for the energization of membrane vesicles of organisms that lack a suitable Ap-generating system. This includes membrane vesicles from fermentative bacteria and membrane vesicles derived from the cell membrane or organelle membrane from eukaryotic cells. With this system, the role of the Ap or one of its components in energy-dependent processes can be studied in these membranes.
